Previous results indicate that the folding pathways of cytochrome c and other proteins progressively build the target native protein in a predetermined stepwise manner by the sequential formation and association of native-like foldon units. The present work used native state hydrogen exchange methods to investigate a structural anomaly in cytochrome c results that suggested the concerted folding of two segments that have little structural relationship in the native protein. The results show that the two segments, an 18-residue omega loop and a 10-residue helix, are able to unfold and refold independently, which allows a branch point in the folding pathway. The pathway that emerges assembles native-like foldon units in a linear sequential manner when prior native-like structure can template a single subsequent foldon, and optional pathway branching is seen when prior structure is able to support the folding of two different foldons.
It now appears that proteins are made up of small structural units, called foldons, that continually unfold and refold even under fully native conditions (Maity et al. 2005) . Figure 1A illustrates the five foldon units that together form the structure of cytochrome c (Cyt c) (Bai et al. 1995; Krishna et al. 2003b) . The foldons are shown color-coded in order of their increasing free energy for unfolding, from infrared and red up through blue, the unfolding free energy of which is equal to the global stability. The same concerted native-like foldon units are consistently seen in different kinds of experiments including hydrogen exchange (HX) pulse labeling done during kinetic folding (Roder et al. 1988; Krishna et al. 2003a Krishna et al. , 2004b and native state HX done under equilibrium (EX2) and kinetic (EX1) conditions (Bai et al. 1995; Bai and Englander 1996; Milne et al. 1999; Hoang et al. 2002; Krishna et al. 2003b Krishna et al. , 2006 Maity et al. 2005) .
The discovery of foldon units came from studies on the mechanism of protein folding. Spectroscopic methods widely used to observe protein folding in real time can only detect intermediates that transiently accumulate and even then provide almost no detailed structural information. The HX pulse labeling experiment (Krishna et al. 2003a) can outline the structure of intermediates and characterize their thermodynamic and kinetic properties, but this capability is also limited to intermediates that accumulate during kinetic folding. Native state HX (NHX) methods take advantage of the thermodynamic principle that proteins must unfold and refold continually, cycling through all of their higher free energy forms even under native conditions (Bai et al. 1995) . Under favorable conditions, measured HX can become dominated by these partially unfolded forms (PUFs). NHX measurements can then define the structure and the equilibrium and kinetic properties of these intermediate forms, all at an amino-acidresolved level, even though they are only infinitesimally populated and invisible to other methods. Results available for a number of proteins reveal a small number of discrete PUFs in which some of the foldon units of the native protein remain folded and others are unfolded. The PUFs represent the intermediates in each protein's folding pathway. It appears that the folding free energy landscape for each protein is well represented by a small number of predominant local minima populated by native-like PUFs rather than an undifferentiated amino-acid-level continuum.
Cyt c folding starts with the blue foldon unit, and then moves down the energy ladder, forming and successively putting into place its foldon building blocks to progressively assemble the target native protein (Roder et al. 1988; Bai et al. 1995; Xu et al. 1998; Milne et al. 1999; Hoang et al. 2002; Krishna et al. 2003a Krishna et al. ,b, 2006 Maity et al. 2004 Maity et al. , 2005 . Each sequentially formed PUF is seen to be constructed from the prior one by the addition of one more foldon unit. Other proteins appear to do the same (Chamberlain et al. 1996 (Chamberlain et al. , 1999 Fuentes and Wand 1998a,b; Chamberlain and Marqusee 2000; Chu et al. 2002; Silverman and Harbury 2002; Takei et al. 2002; Yan et al. 2002 Yan et al. , 2004 Feng et al. 2003 Feng et al. , 2005 Cecconi et al. 2005) . Results available point to a sequential stabilization mechanism in which prior native-like structure templates the addition of incoming complementary foldons in an order that is determined by the same interactions that join the foldons in the native protein (Xu et al. 1998; Rumbley et al. 2001; Englander et al. 2002; Maity et al. 2004 Maity et al. , 2005 Krishna et al. 2006) . Related results indicate that the normally occurring unfolding-refolding behavior of foldon units can participate in other functional processes in addition to folding (Hoang et al. 2003; Krishna et al. 2003b; Maity et al. 2006) .
One wants to understand the structural determinants and the properties of protein foldons. The foldon units in the best worked out case of Cyt c are coincident with its secondary structural units or pairs thereof (Fig. 1A) , indicating that they, and the folding pathways that they assemble, depend on the same factors that determine the native state. However, foldons may diverge somewhat from the exact secondary elements that compose the native [Bushnell et al. 1990 ] and MOLSCRIPT [Kraulis 1991]) , color-coded to indicate the foldon units previously identified by HX experiments and ranked in spectral order of decreasing DG HX . The five foldons are blue (N-and C-terminal a-helices docked against each other), green (60s helix and 19-36 V-loop), yellow (37-39:58-61, a short two-stranded antiparallel b-sheet), red (71-85 V-loop), and infrared (40-57 V-loop) (Bai et al. 1995; Milne et al. 1999; Krishna et al. 2003b; Maity et al. 2005) . (B) Illustration of NHX experiments showing the denaturant dependence of all of the amide hydrogens in the green helix and the measurable green loop hydrogens (oxidized WT equine Cyt c at pDr 7, 30°C); (Bai et al. 1995; Milne et al. 1999) . Native Cyt c was placed into D 2 O and the H/D exchange of individual amides was measured by recording 2D NMR spectra in time. The experiment was repeated with increasing concentrations of GdmCl but still far below the melting transition (C m ¼ 2.75 M GdmCl). The DG HX for the opening reaction that determines the HX of each amide was calculated as in Materials and Methods. With increase in denaturant concentration, a sizable unfolding reaction, represented by Leu68, is enhanced and comes to dominate the exchange of all of the green helix amide hydrogens. The measurable green loop hydrogens appear to merge into the same HX isotherm as the green helix, suggesting that they unfold together (except for His33, which is protected by residual structure in the unfolded state). Color-coded dashed lines indicate the positions of other HX isotherms that identify the other foldon units in panel A.
protein because, in the PUFs where foldons are formed and characterized, some native interactions are absent and nonnative interactions that help to energy minimize the PUFs may be present (Feng et al. 2003 (Feng et al. , 2005 . Also, experimental uncertainties may under-or overestimate foldon extent. Attempts have been made to develop algorithms that might predict foldons in known proteins (Bryngelson et al. 1995; Panchenko et al. 1996; Fischer and Marqusee 2000; Weinkam et al. 2005; Hilser et al. 2006) .
The green foldon in Cyt c (Fig. 1A ) seems anomalous. It consists of two segments, an V-loop (residues 19-36) and the middle 60s helix, that are distant in sequence and have minimal structural contact. Do these segments obligately unfold and refold as a single cooperative unit? The present work finds that the green V-loop segment is selectively sensitive to decreasing pH, which can be traced to some buried protonatable groups. We exploit this condition to consider the obligatory nature of the connection between the green helix and the green loop. Results show that each segment is able to unfold and refold independently of the other, leading to a branch point in the folding/unfolding pathway. Figure 1B shows NHX results for all of the amide hydrogens that are protected by H-bonding in the 60s (green) helix of Cyt c and the few hydrogens in the green loop (residues 19-36) that are measurable under the same conditions (pDr 7, 30°C; Bai et al. 1995; Milne et al. 1999) .
Results

Foldons by NHX
The Leu68 amide hydrogen, in the green helix, exchanges by way of some large unfolding reaction. This is indicated by the large slope of DG HX versus denaturant (m value), which provides a measure of the surface exposed in the unfolding reaction (Myers et al. 1995) . At low denaturant concentration, the other residues shown exchange their amide hydrogens through more local fluctuations as indicated by their near-zero denaturant dependence. Increasing denaturant selectively promotes the large transient unfolding so that it comes to dominate the measured exchange of the hydrogens that it exposes. This is seen as a progressive merging of the HX curves into a common HX isotherm. (His33 is protected by residual structure in the unfolded state); (Bai et al. 1995; Milne et al. 1999; Krishna et al. 2003a .) The remaining spread in measured DG HX among the various residues may be explained by structural fraying in the partially unfolded state (Krishna et al. 2003a ). These results demonstrate a cooperative unfolding-refolding reaction of the entire 60s (green) helix, and yield the free energy of the unfolding reaction (DG HX ) and a measure of its size (m value). Leu68 can serve as an experimentally useful ''marker'' for the large helix unfolding reaction even at low denaturant where the HX of the other foldon residues has not yet merged.
Similar NHX results specify the identity of the other foldon units in Figure 1A by identifying the amide hydrogens that merge into other HX isotherms indicated by the colored dashed lines in Figure 1B . Several measurable amide hydrogens from the green loop merge into the green helix isotherm, suggesting that the green loop and the green helix may participate in the same unfoldingrefolding reaction and together represent a single concerted foldon. The present work addresses this question.
Pathway by stability labeling ''Stability labeling'' experiments have shown that the various foldons do not simply unfold independently (Xu et al. 1998; Maity et al. 2004 Maity et al. , 2005 Krishna et al. 2006) . In these experiments, the stability of one of the foldon units is selectively perturbed and the effect on it and on the other foldons is measured by equilibrium NHX. If the foldons unfold independently, then a stability change in one foldon should not affect the stability of the others. If unfolding occurs dependently, then an imposed stability change will appear in the free energy level of the altered foldon and in other partially unfolded forms that include it.
Results from a number of stability labeling experiments show that the foldons unfold in a sequential pathway manner to produce a series of partially unfolded forms (PUFs) that occupy increasingly higher free energy levels in the energy landscape (Xu et al. 1998; Maity et al. 2004 Maity et al. , 2005 Krishna et al. 2006 ). The step from any given PUF to the next higher free energy PUF involves the unfolding of one more foldon. This behavior describes a reversible sequential unfolding pathway that proceeds up a ladder of increasing stability, as in reaction Scheme 1, except for an optional branching at the initial red/infrared unfolding step. In Scheme 1, a one-letter color code specifies each foldon unit in Figure 1A according to its increasing unfolding free energy in the order infrared to red to yellow to green to blue. Each PUF is described by the foldons that are unfolded (lowercase) and still folded (uppercase).
NHX experiments specifically measure reversible unfolding reactions that start from the native state under equilibrium native conditions. Each unfolding reaction must be matched by an equal and opposite refolding reaction, as indicated by the double-headed arrows in reaction Scheme 1, else equilibrium at each step in the process would not be Scheme 1.
maintained. Therefore, the determination of the unfolding pathway equally reveals the folding pathway.
Stability labeling experiments
The simplest stability labeling relationship is illustrated in Figure 2A . The color coding refers to the foldon that is measured by NHX to be newly unfolded in each PUF. For example, NHX experiments find that the PUF reached in the green helix unfolding step in pWT Cyt c has a free energy of 9.8 kcal/mol above the native state (Maity et al. 2005) , represented in Figure 2A (left column) by the green horizontal line at that energy level. The question asked here is which other foldon units are also unfolded in this state?
The results diagrammed in Figure 2A show the change in the stability of each PUF when the yellow foldon is specifically destabilized by a surface glycine mutation (E62G) that deletes an ion pair interaction (Maity et al. 2004 (Maity et al. , 2005 Krishna et al. 2006) . The loss in stability measured for the yellow foldon (1.0 kcal/mol) is equally reflected in the unfolding of the more stable green helix (Leu68 marker) and the most stable blue foldon, indicating that the higher lying PUFs identified as green(helix) unfolded and blue foldon unfolded include the yellow unfolding. The lower stability red and infrared PUFs are unaffected, indicating that they do not include the yellow unfolding. These results help to specify the sequential unfolding ladder in Scheme 1. Figure 2B are less simple. Reducing the Cyt c heme iron strengthens the Met80-S to heme-Fe bond by an independently measured 3.2 kcal/mol (Xu et al. 1998) . The same stability change was found for the red unfolding because Met80 is in the red loop and the S to Fe ligation is severed when the red loop unfolds. The same stability change appears also in the higher lying PUFs, indicating that the PUFs measured by NHX as yellow unfolded, green(helix) unfolded, and blue unfolded also include the red unfolding, as in Scheme 1.
Analogous results in
One complication is that the highest lying blue unfolding, which represents the final global unfolding reaction (the blue PUF is irygb), is destabilized by 3.2 kcal/mol plus an additional 1.9 kcal/mol. This occurs because reducing the heme iron has a second stability effect, independent of the S to Fe bond. The buried heme iron carries a positive charge in oxidized cyt c and is therefore destabilizing but it is neutral in the reduced form. Evidently the buried charge is unmasked and expresses its destabilizing effect only at the final unfolding step so that only the final blue unfolding registers this additional contribution (Cohen and Pielak 1995) .
Another interesting result is that the infrared loop is stabilized by only a fractional amount (1.7 compared to 3.2 kcal/mol) (Krishna et al. 2003b (Krishna et al. , 2006 . A similar fractional effect is measured in the other direction (infrared onto the red loop) (Krishna et al. 2006) . These results dictate the branch point in Scheme 1. Either loop can (H26N, H33N) . (A) The E62G mutant compared to pWT Cyt c (Maity et al. 2004 ). The direct effect of the E62G mutation, which deletes a stabilizing ion pair, is focused on the yellow foldon. The fast exchanging protons in the infrared loop were measured at pDr 5.4. (B) Comparison of reduced and oxidized Cyt c (Xu et al. 1998; Krishna et al. 2003b Krishna et al. , 2006 . Reducing the heme iron increases the stability of the Met80 sulphur to heme iron bond by 3.2 kcal/mol. The red loop is destabilized by the same amount (the S-Fe bond breaks when red unfolds). Reduced Cyt c is additionally stabilized due to neutralization of the buried heme iron charge, which shows up only in the global blue unfolding. (C) Stability changes between pDr 7 and 4.5. The green loop stability is indicated by the green dashed lines, taken from the data for Leu32 in Figure 3B . The value at pDr 7 represents a minimum estimate for the DG HX of the green loop unfolding (indicated by an upward arrow) since Leu32 exchanges more rapidly (with lower DG HX ) than for an unfolding marker. Low pH tends to protonate two buried groups when they are exposed in transient unfolding reactions (His26 and heme propionate 7). This has two stability labeling effects-on the infrared loop, which is supported by hydrogen bonds with the His26 and heme propionate, and an additional effect on the green loop, which buries His26. At pDr 4.5, the marker protons of three foldons (red, yellow, and green loop) have identical DG HX within 0.2 kcal/mol, but are shown vertically displaced in the figure for clarity.
optionally unfold with or without the other, but they are in extensive contact and not wholly independent. The unfolding of either one tends to partially destabilize the other.
These and other results (Roder et al. 1988; Bai et al. 1995; Xu et al. 1998; Milne et al. 1999; Hoang et al. 2002; Krishna et al. 2003a Krishna et al. ,b, 2006 Maity et al. 2004 Maity et al. , 2005 lead to the PUF identities shown as intermediate states in Scheme 1. Sequentially higher lying PUFs include all of the lower lying PUFs. Each higher step on the free energy ladder is reached by unfolding one more foldon. Red and infrared unfolding only partially affect each other, indicating a pathway branching at this point.
These results illustrate four different stability labeling outcomes, which can be viewed in the sense of Venn diagrams. We define the PUF called X (e.g., the ''red PUF'') as the first state in which the foldon unit called X (the ''red foldon'') unfolds. A stability change imposed on foldon X can be expected to appear quantitatively in the HX-measured unfolding free energy of that foldon. Effects on any other foldon Y can be interpreted as follows.
1. If a change in X has no effect on PUF Y, then PUF Y does not contain the unfolded X foldon. 2. If a change in X is fully reflected in PUF Y, then PUF Y contains the unfolded X foldon. 3. If a change in X is only partially reflected in PUF Y, and the reverse is also true, then foldons X and Y stabilize each other and can optionally unfold together or separately. 4. If a change in X affects PUF Y more than PUF X, then PUF Y may include the unfolded X foldon and feel some additional effect due to the imposed perturbation. 5. Similar logic can be applied to combinations involving more than two foldons.
Low pH separates the cooperative unfolding of the green segments
The results in Figure 2A ,B were obtained at pDr 7, where the behavior of the green loop foldon could not be separately measured because the loop has no marker protons that would indicate its unfolding DG HX level at this pH. The pH-dependent results summarized in the stability labeling diagram in Figure 2C help to specify the relationship between the two green segments. The pertinent HX data are in Figure 3 . Figure 3A shows HX data for the four green loop protons that could be measured at pDr 7.0 and 4.5. At pDr 4.5 HX chemistry is slowed by 300-fold relative to pDr 7 because amide HX is catalyzed by OH À -ion . The much smaller change in observed HX rate indicates the presence of a compensating effect. As might be expected, protecting structure is destabilized as the acid molten globule condition is approached (Jeng and Englander 1991) . The dependence of calculated DG HX on pDr is shown for the green loop hydrogens in Figure 3B and for the green helix hydrogens in Figure 3C .
At neutral pDr, the amide hydrogens in the green loop exchange by way of pH-insensitive local fluctuational opening reactions (Figs. 3B, 1B ) rather than by a sizable unfolding reaction. Decreasing pDr promotes a transient unfolding reaction that comes to dominate the exchange of the measurable green loop hydrogens (Fig. 3B) . By pDr 4.5, the lowest pDr measured, the HX of the four measurable green loop amides have converged toward the same stability (within a spread of 0.7 kcal/mol compared to 2.4 kcal/mol near neutral pH). Their HX becomes dominated by a reversible cooperative pH-dependent unfolding reaction, which appears to involve the entire green V-loop (residues 19-36). The alternative possibility, that the decrease in DG HX reflects effects on local fluctuational exchange due to local effects of pH-sensitive groups, is unlikely. Some of the green loop residues are sequentially distant from each other and structurally distant from these potential perturbants.
It is important to understand the structural basis for this low pDr effect. The destabilizing effect of low pDr must be due to one or more protonatable side chains that have reduced effective pKa in the native state (Tanford 1968 (Tanford , 1970 . The normal pKa of the responsible group is a little below 7, judging from the position of onset of destabilization. (Significant titration begins at ;1 pH unit above the normal pKa.) Four such groups can be considered, three histidines with intrinsic pKa 6.5 (residues 18, 26, and 33) and at least one of the buried unprotonated heme propionate(s), probably propionate 7 (Moore and Pettigrew 1990), shown in Figure 1A . The His18 heme ligand remains liganded in the unfolded protein with an effective pKa much lower than 4.5; therefore it will impose no pH-dependent effect on stability. His33 is in the green loop but it is exposed to solvent; it has unaffected pKa in the native state (Cohen and Hayes 1974) , and so cannot contribute to stability variation with pH. His26 is also in the green loop, it accepts an H-bond from the backbone amide of another residue in the green loop (Asn31), and donates one to Pro44 in the infrared loop. It therefore does have a structurally reduced pKa and will act to directly destabilize structure as pH is lowered. Propionate 7 is thought to have intrinsic pKa ;5-6 and much lower in the native state (Moore and Pettigrew 1990) . These two protonatable groups (His26 and propionate 7) form buried H-bonds to and can therefore directly destabilize the infrared loop. However, propionate 7 has no direct contact with the green loop, which favors His26.
A test for the responsible group was made with pseudo-WT Cyt c, a double-histidine mutant (H26N, H33N) . The pH effect on the green loop hydrogens disappears in the range shown in Figure 3D . This result identifies His26 as the major source of the low pDr destabilization of the green loop. (Destabilization of the green loop in pWT Cyt c does appear below pH 6 [Krishna et al. 2003b ] because the green loop PUF includes the unfolded infrared foldon, which is destabilized by propionate 7 protonation.)
Foldon composition of the green helix PUF
The effect of low pH is analogous to inserting a destabilizing mutation. The stability labeling diagram in Figure 2C compares results at pDr 7.0 and 4.5 (data from Fig. 3 ; pH-dependent results for the other Cyt c amides are from Krishna et al. 2006 ). His26 and propionate 7 both form H-bonds with residues in the infrared foldon. When solution pH is lowered below the natural pKa of these groups, from pDr 7 to 4.5, the stability of the infrared loop decreases by 3.3 kcal/mol. This same destabilization must be felt by other PUFs that include the infrared unfolding.
The green(helix) PUF (solid green line) registers this same destabilization, 3.3 kcal/mol, indicating that it includes the unfolded form of the infrared loop. As described before, the green(helix) PUF also includes the unfolded form of the yellow and red foldons (from Fig.   Figure 3. (A) HX data for the measurable green loop amides at pDr 7 and 4.5 except for His33 (pDr 5.0 shown), for which the normal cross-peak disappears at lower pH due to side chain titration. The expected low pDr slowing of all of these amides (10-fold per pH unit) is largely compensated by the pDr-dependent decrease in foldon stability (K op ). HX rates in such well-determined cases are accurate to about 10% so that DG HX values, calculated from the logarithm of the measured HX rates, are accurate to better than 0.1 kcal/mol. (B) DG HX for the measurable green loop hydrogens of oxidized WT Cyt c. Decreasing pH acts as a destabilant to promote a large unfolding reaction. At neutral pH, the four measurable sequentially distant amides in the green loop exchange through pH-independent unfolding reactions. At lower pH, their DG HX values tend to merge into a single isotherm, reflecting a common unfolding reaction. (C) DG HX for amides in the green helix of oxidized WT Cyt c as f(pH). The green helix marker (Leu68) registers a smaller DG HX change with pH than the green loop. (D) DG HX for the green loop hydrogens in pWT Cyt c (H26N, H33N) as f(pH). Unlike WT Cyt c (panel B), the green loop hydrogens are unaffected by reduced pH, identifying His26 as the major source of the green loop destabilization in WT Cyt c.
2A,B)
. These results show that the foldon composition of the green(helix) PUF is irygB, as in the ladder-like unfolding model in Scheme 1. (Here g is taken to represent the unfolded green helix, accessed experimentally by the Leu68 marker.) The same intermediate was seen as a transiently trapped form in Cyt c kinetic folding measured by HX pulse labeling (Krishna et al. 2003a) .
(As inferred before, the partial effect of Infrared destabilization on red unfolding and the presence of the reverse effect [type 3 stability labeling effect in the list above] indicates the branch point in Scheme 1; Krishna et al. 2006 .)
Foldon composition of the green loop PUF
The foregoing results do not yet specify the status of the green loop foldon. The exact free energy for unfolding of the green loop (dashed green) is not measured at pDr 7 because no green loop foldon marker is available. A minimum estimate can be taken from the data for Leu32, which exchanges at pDr 7 more rapidly than for an unfolding marker (green loop DG HX > 8.4 kcal/mol, from Fig. 3B ). This value is drawn in Figure 2C (left column, dashed green line). At pDr 4.5, the free energy for green loop unfolding can be taken directly from the measured HX for Leu32 at that condition (DG HX ¼ 4.4 kcal/mol) where it can serve as a marker for the loop unfolding. The minimum destabilization estimated in this way is 4.0 kcal/mol. This well-determined value (60.1 kcal/mol) is already significantly greater than the 3.3 kcal/mol found for the infrared loop. It presumably includes 3.3 kcal/mol from the infrared loop destabilization plus some additional destabilizing contribution (type 4 stability labeling effect). The 4.5 kcal/mol destabilization measured for the final global unfolding suggests that the true increment in green loop unfolding is also 4.5 kcal/mol, consistent with the >4 kcal/mol estimated.
What produces the additional pH-dependent destabilization? As before (similar to blue in Fig. 2B ), the additional destabilization must be due to a second effect that is imposed higher up on the unfolding ladder. The possible candidates are His26, which is buried in the green loop, and propionate 7, which is not. Apparently the protonation of His26 further acts through a local effect to directly destabilize the green loop by an additional ;1.2 kcal/mol.
The important point is that destabilization of the infrared loop appears equally in the green loop unfolding (Fig. 2C) ; therefore the green loop unfolding includes the infrared loop unfolding. Structural considerations suggest that the yellow foldon must also be unfolded when the green loop plus infrared loop unfolds, since one yellow strand is contained between these two segments (in amino acid sequence) and the other yellow strand directly follows the infrared segment. One can further conclude that the red loop is also unfolded in the green loop PUF, since its unfolding is contained within the yellow PUF (Fig. 2B) , which is contained in the green loop PUF. The fact that the free energy level reached by the destabilized green loop precisely matches the level measured for the depressed yellow and red loops (Fig. 2C) is consistent with these conclusions.
In short, the green loop unfolding appears to include the other lower lying unfoldings, consistent with the logic of previous foldon interaction results, as summarized in the sequential unfolding model.
Green helix-green loop relationship
These results illuminate the relationship between the green helix and green loop. At the reduced pH the green loop is seen to unfold with free energy much less than for the green helix (4.4 versus 6.6 kcal/mol; Fig. 2C, right) . Therefore the green loop can unfold without the green helix. The reciprocal relationship also appears. At the reduced pH, the green loop is destabilized by much more than the green helix (>4.0, probably 4.5, versus 3.3 kcal/ mol), showing that the green helix can unfold without the green loop. Thus the two green unfoldings both include the lower lying foldons but they do not obligately include each other.
These results point to the modified reaction Scheme 2, where G and g refer to the native and unfolded green helix, and G9 and g9 refer to the native and unfolded green loop. The new feature compared to Scheme 1 is that the pathway can optionally branch at the steps where the two green units are able to fold, or unfold, separately. Otherwise the folding pathway maintains the same stepwise sequential nature, adding or subtracting one native-like foldon unit at a time to transit from one PUF to the next. This is the major result of this article. The two green segments are able to unfold independently, as suggested by their loose relationship in the native protein, leading to reaction Scheme 2. As can be expected from the sequential stabilization principle, steps in the pathway turn out to be obligatorily linear and sequential when this is required by the native-like structure (six steps in Scheme 2). Optional branching occurs at two points in the pathway when prior structure is able to template, or release, either of the two green foldon units, or either the red or infrared foldons. The steps in Scheme 2 are obtained from and redundantly confirmed by stability labeling and other independent experiments Krishna et al. 2003a Krishna et al. ,b, 2004b . The structural representation in Figure 4 helps to show how PUF formation is determined by the arrangement of foldons in the native structure (Rumbley et al. 2001 ).
Discussion
Cyt c folding: A native-centric view
Copious results now available show that Cyt c unfolding and refolding proceeds in an ordered sequence of foldonsized steps. The foldons are units of native-like structure. Their formation order and properties are determined by native-like interactions. A variety of HX experiments previously demonstrated the unfolding order shown in reaction Scheme 1. However, in Scheme 1 the green V-loop and the green helix represent a single obligatory foldon. This seems inconsistent with a native-centric mechanism since these units are minimally related in the native protein structure.
The low pH stability labeling experiments described here show that these two structural elements are not obligately joined. The green helix is able to unfold independently of the green loop, and the loop independently of the helix. Nevertheless, the green helix PUF and the green loop PUF both contain the unfolded forms of the lower lying foldons. This circumstance requires a branch point in the folding pathway, as in Scheme 2 and Figure 4 , but it does not alter the native-centric rationale. A caveat is that the present experiments depend on data at modestly reduced pH. However, it seems likely that the same behavior occurs more or less independently of pH. Only two Cyt c histidines and one heme propionate group titrate between pH 7 and 4.5, where the experiments were done, and their effects are accounted for. The NMR spectrum indicates the absence of perturbing structure changes at pDr 4.5.
The previous indication that the two green segments seemed to be obligately joined is explained by structural considerations embodied in the sequential stabilization principle, which does require that these two segments form at the same point in the folding sequence. They are both templated by and therefore form after the blue foldon, and they must both be in place before the next foldon (yellow) can form (see Fig. 4 ). In previous work their similar thermodynamic and kinetic properties at neutral pH made it difficult for the NHX experiment to distinguish between them in the narrow observational space between the blue and yellow PUFs.
Other proteins
Although the details of the pathway dealt with here are specific for Cyt c, analogous results using similar methods to study other proteins have similarly found component native-like foldons and ordered them along stepwise folding pathways.
In apocytochrome b 562 , the NMR-determined solution structures of two mutationally destabilized variants were Figure 4 . Sequential unfolding and refolding pathway of Cyt c. Pathway steps are determined by the intrinsically cooperative protein foldons. The pathway order is determined by the sequential stabilization mechanism in which previously formed structure templates the formation of and stabilizes subsequent foldons, all in the native context, to progressively build the target native structure.
found to be identical to the PUFs defined in NHX experiments (Fuentes and Wand 1998a,b; Chu et al. 2002; Takei et al. 2002; Feng et al. 2003 Feng et al. , 2005 . With ribonuclease H, HX pulse labeling, quenched molten globule HX, and fragment synthesis/stabilization experiments found the same foldons and the same pathway relationships as indicated by NHX experiments (Chamberlain et al. 1996 (Chamberlain et al. , 1999 Chamberlain and Marqusee 2000; Cecconi et al. 2005) . In dimeric triosephosphate isomerase, side chain accessibility experiments analogous to NHX and HX stability labeling measured the reactivity of 47 engineered Cys-SH groups (Silverman and Harbury 2002) . Three foldon units were identified and shown to reversibly unfold under native conditions in a sequential stepwise pathway. In the OspA protein of Borrelia, equilibrium and kinetic NHX experiments and related mutational studies found six foldons and ordered some of them in a kinetic folding pathway (Yan et al. 2002 (Yan et al. , 2004 .
These results are based on detailed structural information, obtained under native conditions, for multiple proteins, with and without prosthetic groups, with modest destabilization by different destabilants (urea, GdmCl, temperature, pH, and pressure) , in HX and non-HX experiments. It seems unlikely that other proteins behave very differently.
Protein folding principles: Foldons, sequential stabilization, and optional errors Two straightforward principles emerge. The first is that the units of folding resemble the intrinsically cooperative foldon units that compose native proteins. This principle simply restates the well-known tendency of coherent secondary structural units to unfold and refold in a cooperative manner (Zimm and Bragg 1959; Lifson and Roig 1961; Leszczynski and Rose 1986; Krishna et al. 2003b) . As might have been expected, the cooperative property may be modified but it is not lost when secondary structural elements are built into a threedimensional structure. Accordingly, folding might have been expected to proceed in a stepwise manner, one foldon unit at a time, as is found.
A second principle becomes obvious when the now well-known Cyt c folding sequence is compared with the native Cyt c structure (see Fig. 4 ). The experimentally determined order of steps follows the way that the foldons fit together in the native protein. The initially formed blue unit contacts only the two green segments, and it is seen that both green segments fold next, although their detailed order is optional. The subsequent step is formation of the two short yellow segments that grow from the two green ends and therefore, in the forming native context, could only follow the formation of both green units, as is seen. This matrix can then support the final formation of the intrinsically unstable red and infrared loops, which are in extensive mutually supporting contact. They fold next, in optional order. In short, where prior structure is able to guide and stabilize only one incoming foldon unit, this sequence is seen. Where prior structure can stabilize either of two foldons, optional branching is seen. These results point to a principle of sequential stabilization that can be seen as a monomolecular version of the more general principle that prior structure templates the formation of subsequent complementary structure. The same principle is familiar in bimolecular contexts, including the interaction-dependent folding of natively disordered peptides (Martin et al. 1996) and proteins (Uversky et al. 2005) , amyloid propagation (DelMar et al. 2005) , and nucleic acid duplex formation (Watson and Crick 1953) .
The folding-unfolding pathway that emerges from these considerations can be understood as a sequential pathway predetermined by the way that the native-like foldon building blocks fit together in the target native protein. The predetermined sequential pathway model with minimal branching seen here is fundamentally different from multiple independent unrelated pathway (IUP) models that have often been suggested, based on theoretical and experimental results (Zwanzig et al. 1992; Baldwin 1995; Bryngelson et al. 1995; Wolynes et al. 1995; Dill and Chan 1997; Wildegger and Kiefhaber 1997; Brooks III 1998; Dobson et al. 1998; Bieri et al. 1999; Bilsel and Matthews 2000; Plotkin and Onuchic 2002a,b; Wallace and Matthews 2002) . IUP models envision folding by way of independent pathways that track through unrelated parts of the structure-energy landscape.
The conflict between the predetermined pathway model and experimental observations thought to support an IUP model can be largely resolved by the realization of a third principle. Proteins ubiquitously encounter probabilistic misfolding errors, both in vitro (Chi et al. 2003; Krishna et al. 2004a ) and in vivo (Yewdell 2005) , that can block further folding and cause partially corrupted intermediates to accumulate. In this case, different population fractions will block at different points, or not at all, populate different native-like but corrupted intermediates, and fold at different rates, giving the impression of independent unrelated pathways. A recent analysis shows that all of the experimental results that have been interpreted in terms of independent pathways can be well explained by a predetermined pathway model that allows optional misfolding errors (PPOE model); (Krishna and Englander 2007) .
In regard to the picture of independent unrelated pathways that emerges from theoretical models, we have suggested that the appearance of a conflict stems from the different levels of structure formation that are considered (Krishna and Englander 2007) . Theory generally deals with microscopic steps that are pertinent to the description of individual foldon construction, with many nucleation and growth alternatives. This behavior can be well represented as in multitrack funnel models. Experiment is able to detect protein assembly only at a more macroscopic level. At this pathway level, it appears that protein folding proceeds by the sequential stepwise formation and docking of cooperative native-like foldon units to progressively build the native structure.
Materials and Methods
Commercially available WT equine Cyt c (type VI from Sigma Chemical Co.) was further purified when necessary by reverse phase HPLC . A recombinant modified Cyt c (H26N, H33N) , called pseudo-wild type (pWT) and its mutants were expressed in a high yield Escherichia coli system and purified as described elsewhere . All other chemicals were as previously described (Krishna et al. 2006) .
In equilibrium NHX experiments, Cyt c was placed into D 2 O under mildly destabilizing but still strongly native conditions with low concentrations of denaturant or at reduced pH. Time-dependent H to D exchange at the various amide sites was measured by recording sequential 1 H-1 H COSY spectra (500 MHz Varian Inova with cold probe). From the measured HX rates the free energy of the opening reaction that exposes each hydrogen to exchange (DG HX ) can be computed (Krishna et al. 2004b) .
DG HX was calculated from the equation, DG HX ¼ ÀRT ln K op ¼ ÀRT ln (k ex /k ch ), which holds for Cyt c in the EX2 region below pH 10 ( Krishna et al. 2004b ). Here, k ex is the measured exchange rate and k ch is the chemical exchange rate calculated for the unprotected amide Connelly et al. 1993) . HX rates in well-defined cases are accurate to about 10%. DG HX calculated from the logarithm of HX rate is therefore accurate to better than 0.1 kcal/mol.
Typical protein concentration was ;6 mM. Experiments were done at 20°C (unless otherwise specified) with appropriate pH buffers (0.1 M) and 0.5 M KCl to minimize charge effects on stability and HX. HX experiments and data analysis were done as described before (Krishna et al. 2004a) . Dead time from the start of the HX reaction was ;15 min. To collect faster time points, short gradient COSY spectra (2 scans, 23 min) were collected initially back to back.
